Abstract

25
The toxic dinoflagellate Alexandrium ostenfeldii is the only bioluminescent bloom 26 forming phytoplankton in coastal waters of the Baltic Sea. We analysed partial luciferase 27 gene (lcf) sequences and bioluminescence production in Baltic A. ostenfeldii bloom 28 populations to assess the distribution and consistency of the trait in the Baltic Sea, and to 29 evaluate applications for early detection of toxic blooms. Lcf was consistently present in 30 61 Baltic Sea A. ostenfeldii strains isolated from six separate bloom sites. All Baltic Sea 31 strains except one produced bioluminescence. In contrast, the presence of lcf and the 32 ability to produce bioluminescence did vary among strains from other parts of Europe. In 33 phylogenetic analyses, lcf sequences of Baltic Sea strains clustered separately from North 34
Sea strains, but variation between Baltic Sea strains was not sufficient to distinguish 35 between bloom populations. Clustering of the lcf marker was similar to internal 36 transcribed spacer (ITS) sequences with differences being minor and limited to the lowest 37 hierarchical clusters, indicating a similar rate of evolution of the two genes. In relation to 38 monitoring, the consistent presence of lcf and close coupling of lcf with bioluminescence 39 suggests that bioluminescence can be used to reliably monitor toxic bloom-forming A. 40 ostenfeldii in the Baltic Sea. 41
Introduction
These primers target the non-homologous N-terminal region and the start of the first 170 domain of the lcf. We chose these primers because they amplify the region at the 171 beginning of lcf which is more diverse than central regions, and give longer sequences 172 than more conservative primers (Baker et al., 2008) . PCR PCR products on to a 2% TBE gel. The expected size of the PCR product was 500 -550 179 bp. All cultured strains that produced a clear PCR product on gel were sequenced to 180 confirm that the correct product had been amplified and to allow further phylogenetic 181 analysis. The internal transcribed spacer (ITS-1 and ITS-2) and 5.8 rDNA sequences 182 were generated as described in Tahvanainen et al. (2012) . 183
184
Sequencing 185
Purified PCR products were used as templates in sequencing reactions, which were 186 carried out with the same forward or reverse primers as the PCR reaction. 
Phylogenetic analysis
The lcf sequences were assembled and edited as necessary in Chromas Pro 1.7.6. The 195 DNA sequences were aligned using ClustalW (Thompson et al., 1994) settings for prior distributions were used in all analyses. Two runs with four chains (one 215 cold and three incrementally heated chains) were run for 15 million generations, sampling 216 every 500 trees. In each run, the first 25% of samples were discarded as the burn-in 217 phase. The stability of model parameters and the convergence of the two runs were 218 confirmed using Tracer v1.5 (Rambaut & Drummond, 2007) . A maximum likelihood 
Results
265
Amplification of lcf and bioluminescence production 266
Lcf was uniformly present in all A. ostenfeldii strains isolated from the Baltic Sea (Table  267 of two Irish (LSA06 and LSE05) and two UK strains (WW515 and WW517). Lcf was 269 also present in strains from Canada, China and Spain. Bioluminescence production was 270 observed in 60 out of 61 strains from the Baltic Sea. Only AOVA0924 from Gotland 271 (Sweden) did not produce bioluminescence. All North Sea strains from Norway and 272
Scotland produced bioluminescence but no bioluminescence production was observed in 273 strains from Ireland and the UK. Isolates from Canada and China both produced 274 bioluminescence but no detectable bioluminescence was observed from the two Spanish 275
strains (IEO-VGOAMD12 and IEO-VGOAM10C). 276 277
Lcf diversity and phylogenetic structure in A. ostenfeldii 278
Phylogenetic analyses of the partial lcf alignment, using both BI and ML methods, 279 revealed that A. ostenfeldii lcf sequences formed a cluster that was distinct from other 280
Alexandrium lcf sequences (BI 1.00, ML 99%). Within A. ostenfeldii, two major, well 281 supported geographic clades were identified ( isolates. However, the position of this strain in phylogeny was weakly resolved, with low 291 bootstrap and posterior probability values (BI 0.65, ML 52%). Baltic Sea strains of A. 292 ostenfeldii formed a monophyletic group (BI 0.73, ML 98%). Both BI and ML revealedone subcluster formed by four strains from Åland area (BI 0.59, ML 63%). Three 294 additional subclusters were revealed by BI (BI 0.97, 0.71, 0.55) but these were not 295 recovered by ML. Generally, nucleotide differences within the Baltic A. ostenfeldii 296 strains were minor within and among Baltic bloom populations occurred between strains 297 from the same bloom population (Föglö: 1 to 5 nucleotides, Kökar: 1 -5, Sandviken: 2 -298 9, Gotland: 1 -6, Kalmar: 1 -7, Poland: 1 -6). On average, the within-site nucleotide 299 difference was 3 nucleotides. Between bloom sites, slightly larger differences (1 -10 300 nucleotides, mean = 4) were observed. Even though subclusters and nucleotide 301 differences occurred among Baltic strains, they did not reveal any and geographic 302 patterns were not evident within the Baltic Sea clade. 303 304
Presence of lcf in natural samples 305
Bioluminescence was observed at all 10 locations along the investigated transect in the 306
Föglö archipelago (Fig. 1) 
Discussion
313
It is interesting to observe that lcf and ability to produce bioluminescence were uniformly 314 present in the Baltic Sea A. ostenfeldii, in contrast to strains from other parts of Europe 315 where these properties did vary. Lcf was detected in all studied strains except four strains 316 (WW516 and WW517 from UK and LSA06 and LSE05 from Ireland) from which 317 bioluminescence production was also not observed. These four strains belong to a distinct 318 phylogenetic rDNA clade, group 2 of A. ostenfeldii . The fact that 319 these strains are closely related according to rDNA suggests that they all have either lost 320 the lcf or the gene has mutated so that it is not functional anymore. This is supported by 321 the fact that their close relatives, Spanish IEO-VGOAMD12 and IEO-VGOAM10C 322 belonging to the same phylogenetic clade, possess the gene, but lack the function. Other 323 studies have found that in some dinoflagellate species, e.g. C. horrida and A. tamarense, 324 both bioluminescent and non-bioluminescent strains co-occur but also the non-325 bioluminescent strains always have lcf (Valiadi et al., 2012) . Similar findings have been 326
reported from V. cholerae in which both bioluminescent and non-bioluminescent strains 327 had lcf (Palmer & Colwell, 1991) . 328
It is possible to draw parallels with the saxitoxin gene, another functional 329 gene providing a similar defensive mechanism as bioluminescence, but more widely 330 studied in Alexandrium species. The intra-species variation in saxitoxin production is 331 similar to what has been observed in bioluminescence production. For example, 332
Alexandrium minutum Halim, A. ostenfeldii and strains from the A. tamarense species 333 complex contain both saxitoxin producing and non-saxitoxin producing strains (Touzet et Diesing produced bioluminescence at such low levels that it was undetectable to the 360 human eye and only detectable with a sensitive light meter. Some strains of V. cholerae 361 were also found to emit light in low levels undetectable to the human eye (Palmer & 362 Colwell, 1991) . However, we considered that the sensitivity of the detection method in 363 the present study, using acid addition in a spectrometer equipped with a sensitive 364 photomultiplier, was sufficient to detect bioluminescence of relatively few individual 365 cells. Therefore, detectability is unlikely to have been an issue here. Oligonucleotide primers for the detection of bioluminescent dinoflagellates reveal 509 novel luciferase sequences and information on the molecular evolution of this gene. 
